An optimal estimation scheme is employed to demonstrate the utility of using multi-band radar observations for estimating supercooled liquid profiles. Qualitative comparisons with microphysical probe images show that the retrievals are capable of producing supercooled liquid consistent with in situ data. Finally, a path forward for quantifying performance and extending the study to a more robust measurement suite is given.
INTRODUCTION
Supercooled liquid water, i.e., liquid water that exists below the freezing temperature, is a key geophysical parameter that impacts cloud microphysics, the global radiation budget, and aviation safety. Measuring supercooled liquid clouds presents a unique challenge. Often, a considerable quantity of supercooled liquid either exists below the detectability limits of current radar or is difficult to separate from frozen hydrometeors [1] . Doppler spectra from ground-based measurements can often be used to separate the contributions of liquid and ice, but platform motion induces Doppler spread which precludes the use of this technique for airborne or spaceborne sensors. Passive radiometers are sensitive to emission from cloud liquid [1] , but offer poor range resolution. While lidar can readily separate the contributions of liquid and ice through differences in linear depolarization, the high optical depth of liquid water rapidly extinguishes lidar returns, masking ice particles or additional liquid water layers down-range.
To address this challenge, we propose using multi-band radar observations to quantify supercooled liquid embedded within ice clouds or snow, exploiting significant differential attenuation between widely spaced radar bands. Differential radar reflectivites are also sensitive to hydrometeor size, thus we propose utilizing at least three frequencies. To support * A.M. Loftus is also with University of Maryland Earth System Science Disciplinary Center our hypothesis, we investigate a case study from the OLYM-PEX field campaign. Significant supercooled liquid water was observed with particles probes, and multi-band radar observations from two platforms (NASA's DC-8 and ER-2) were available. Using an optimal estimation approach, we retrieved supercooled liquid water profiles, in addition to precipitating particle size distributions. Based on promising qualitative comparisons with probe data, we are encouraged by the results. We conclude with details of future work to quantify the performance of the retrievals, incorporate passive microwave observations to further constrain the retrievals, and investigate radar bands at shorter wavelengths for additional sensitivity to liquid water and small ice particles.
CASE STUDY
To perform the retrievals, we adapted the optimal estimation scheme described in [2] to utilize triple frequency radar observations in the retrieval of profiles cloud liquid water and gamma size distribution parameters. For the purposes of this study, the form of the gamma distribution used is
where D is the particle diameter and D m is the massweighted mean diameter of the particle population. The observation vector in this modified scheme is composed of profiles of K u -K a and K a -W dual frequency ratios at 30-meter range spacing observed by Jet Propulsion Laboratory's Advanced Precipitation Radar 3 (APR-3). State vector, or the vector of retrieved parameters, comprises profiles of dNw (a perturbation parameter of N * w ) and aggreate fraction at 100-meter range spacing, and cloud liquid water at 300-meter range spacing. Ice habits are either aggregates, with electromagnetic scattering properties obtained from the OpenSSP database [3] , or pristine, modeled as preferentiallyaligned T-Matrix plates [4] with aspect ratios of 4 and flutter standard deviations of 10
• . The values of D m are derived using the Hitschfeld-Bordan method and are dependent on a temperature-dependent Nw [5] , which is perturbed by dNw. • Longitude and -123.5
• Longitude.
Precipitation water content is then calculated from the size distributions of pristine and aggregate habits. Details of melting and rain layers are not discussed, as the results in those regions are not relevant to this study. Fig. 1 shows the nadir observations from APR-3, which was flown on the NASA DC-8, from 03 December 2015. In situ flights by the Citation aircraft were coordinated to provide microphysical measurements coinciding with observations. We performed retrievals for the region between -124.3
• Longitude and -123.5
• Longitude, given in Fig. 2 . Note that aggregate fraction is only available above heights of 2000 m, which is the level of the 0
• isotherm. The labels in the panel of cloud liquid water correspond to the panels of images from the 2-DS Stereo probe in Fig. 3 . The in situ data give qualitative verification that the retrievals are producing realistic values for the state vector. Most importantly, no cloud liquid water is retrieved in region A, while quantities consistent with the in situ data are retrieved at regions B and C. Interestingly, the retrievals place some layers of lower aggregate fraction below some layers with greater numbers of aggregates, which is also confirmed in the probe images. While this qualitative assessment is a first step, the consistency between the retrievals and the probe images gives us confidence in this approach. 
FUTURE WORK
To follow this qualitative approach, the next step is to perform a rigorous quantitative analysis. Given the limitations of using probe data for such a study, we intend to use cloud resolving model data in place of field observations, looking at midlatitude cases with conditions similar those found during OLYMPEX, as well as high latitude cases where supercooled liquid water can persist anywhere from 12 hours to many days in large quantities. Additionally, we will investigate active and passive synergy, as passive microwave and millimeter wave radiometers are sensitive to emission from liquid water. Polarized brightness temperature observations may also provide information on particle alignment. Finally, we plan on looking at other radar bands that could provide increased sensitivity to both cloud liquid water and smaller ice particles, particularly at shorter wavelengths. Fig. 3 . Images from the 2DS probe, marked to match regions noted in Fig. 2 .
